Abstract: Automatic repeat request (ARQ) retransmission in user cooperative networks, which use amplify-and-forward as a relaying strategy is dealt with. In contrast to the conventional environments, where the source responds in a retransmission demand, in cooperative systems this requirement can also be satisfied by a relay node. In addition, if a relay node can be selected according to the instantaneous channel conditions, the source is not always the optimal responder. The problem under consideration here is to find the retransmission combination which optimises the performance under a given delay quality-of-service constraint. It will be shown that the optimal combination depends on the number of available relays, the total number of retransmissions and the average signal-to-noise ratio. We provide an analytical framework for the definition of the optimal combination in function of these three system parameters. Since the practical ad hoc networks are not centralised and do not have an external control, a distributed truncated ARQ protocol is further proposed to apply the decided retransmission combination.
Introduction
Cooperative diversity is a new diversity technique that was proposed in the literature as a form of spatial diversity systems [1, 2] . It uses the broadcast nature of the wireless medium and its basic idea is that the terminals, which are in the coverage area of a transmitter, can forward an 'overheard' version of the transmitted signal. This virtual antenna array produces the desired diversity gain at the reception. The cooperative protocols are usually classified into two categories: the amplify-and-forward (AF) scheme [3, 4] , in which the relay simply amplifies its received signal, and the decode-and-forward (DF) scheme [5] , in which the relay decodes and re-encodes the signal transmitted by the source. In contrast with the DF policy, the AF scheme does not differentiate between good and erroneous packets received by a relay. Given that relaying erroneous packets can be wasteful both in terms of energy and throughput, AF is not the optimal strategy for relays. However, for practical ad hoc systems, which have critical power constraints, the AF scheme is more attractive as it does not require complex decoding at the relays. Instead, they simply scale and forward the analogue signal waveform received from the source without any particular processing. In this paper we deal with the AF cooperative strategy. Automatic repeat request (ARQ) protocol at the link layer is a popular means to combat channel fading. It allows the retransmission of a packet by the source in the case of an erroneously received packet. In practical systems, the maximum number of retransmissions is limited so as to support quality-of-service (QoS) constraints and such variant ARQ is called truncated ARQ protocol [6] . In contrast to the conventional environments, where the source always responds to an ARQ demand, in AF cooperative systems, the relays are also able to retransmit a 'noisy' version of the original signal. In this case, the optimal responder depends on the environmental conditions. This paper deals with the design of a truncated ARQ protocol for cooperative diversity systems. This protocol incorporates the cooperative diversity physical specifications with the conventional ARQ retransmission. This cross-layer combination is a new research domain and is seldom referenced in the literature. In [7] , the authors activate the cooperative diversity when the destination node fails to detect the transmitted packet correctly. In that work, a space time block code which allows the parallel retransmission of the source and the best instantaneous relays is also proposed. However, the proposed algorithm requires a decoding ability of the relay nodes, which significantly increases the computational power. Moreover, the definition of the participating relays requires an external control, which makes this approach inappropriate for practical ad-hoc configurations. In [8] , an hybrid-ARQ protocol, which is called HARBINGER, selects for the retransmission process, the relay which is closer to the destination node. However, this approach requires an external control for the definition of the relay set and a global positioning system, which continuously provides the location of each node. Furthermore, it is also computational 'hungry' because of the DF relaying strategy. In [9] , a probabilistic analysis of an ARQ-based cooperative system is presented. However, this analysis is focused on the probabilistic modelling of this type of systems and does not consider computational or performance optimisations.
In this paper, we propose a distributed truncated ARQ protocol for user cooperative systems. In contrast with the previous work, this one uses AF as relay strategy and does not require external supervision. Here, we suppose that when a retransmission demand is produced by the destination node, either the source or the best instantaneous relay node can respond. In our case, there are no parallel transmissions and each retransmission is carried out in different time slots (orthogonal transmissions) [2] . The problem under consideration is to find the retransmission policy which optimises the average bit error rate (BER) performance for a given number of maximum retransmissions. This policy defines the number of source and relay retransmissions and their appropriate order. The proposed analytical framework provides this optimal combination, which depends on the average signal-to-noise ratio (SNR) and the number of available relays. Moreover, we propose a distributed protocol for the definition of the best instantaneous relay and the application of the decided combination. The proposed scheme is suitable for clustered ad hoc and sensor networks which have critical power constraints [4, 10] .
The remainder of this paper is organised as follows: in Section 2 we describe the system model and the problem under consideration. In Section 3 we present the optimal combination strategy. Section 4 presents the distributed ARQ-truncated protocol. Numerical results are given in Section 5, and Section 6 summarises the key conclusions.
2
System model Consider a cluster of nodes consisting of a source S, a destination D and K relays R (k) (1 k K ). All the nodes are half-duplex and thus cannot transmit and receive simultaneously. The relays have limited power resources and thus they use the AF as a relay strategy. The time is slotted and we assume that each slot is dedicated for only one link. In the first slot, the node S transmits a packet for the destination D, which is also 'overheard' and stored by the relay nodes. The node D detects the quality of the received signal (cyclic redundancy check can be used for error check) and then sends an acknowledgement that is either positive (ACK) or negative (NACK) back to the source node. This signalling (ACK/NACK), which is assumed to be heavily protected and therefore error free, is received by all the nodes. In the case of an ACK response, the relays erase the previous stored packet and the source is prepared for the transmission of its next packet. On the other hand, a NACK response signals an erroneous reception of the transmitted packet and a retransmission is required. According to the demanding QoS (delay constraint), the maximum number of retransmissions (total number of transmissions of source and relays) is predefined and equal to M. The destination can combine the multiple copies of the transmitted packet by using either a maximum ratio combiner or a selective combiner (SC). In our case, we apply a SC at the reception to simplify the theoretical study. The used modulation is binary phaseshift keying (BPSK) but a generalisation to another modulation format is straightforward. For each link, the channel is modelled as a zero-mean, independent, circularlysymmetric complex Gaussian random variable with unit variance. We suppose that the channel is quasi-static and thus the channel coefficients are constant for one time slot. Furthermore, the additive noise is represented as a zero-mean mutually independent, circularly-symmetric, complex Gaussian random sequence with variance N 0 . A perfect channel estimation at the destination ends is assumed.
If 1 L M is the number of source transmissions, the system model can be formalised as follows
for the lth retransmission and the kth relay, y R,D j denotes a link between the selected relay and the destination R (sel) ! D for the jth retransmission, y
are the channel coefficients for the three types of links, respectively, n S,D l , n
are the corresponding noise terms,
is the amplification factor and P is the transmitted power. Fig. 1 schematically presents the system model.
The problem under consideration is to divide the available number of retransmissions M between source and relays to maximise the average system performance. It is obvious that this optimisation process requires an appropriate selection of the signals y
In the following section, we analytically provide the optimal transmission combination.
3
Towards the optimal combination
Statistical description
An important tool for solving our optimisation problem is the statistical description of the SNR. Thus, for a direct link, the SNR follows an exponential distribution [11] and, for a relaying link, the SNR can be expressed via the harmonic mean distribution [12] . More specifically, the probability density function (PDF) and cumulative distribution function (CDF) of the two possible links can be expressed as
where g denotes the SNR, p d ( . ) and p r ( . ) are the PDFs of the direct and relay links, respectively, P d ( . ) and P r ( . ) are the corresponding CDFs, ḡ is the average SNR, b ¼ 1/ḡ and K i ( . ) is the ith order modified Bessel function of the second kind [13] . To simplify our analysis and provide closed forms for our mathematical expressions, an exponential approximation of the relaying link can be useful. For the 'high SNRs', K 1 (x) ' 1=x [13, Eq. (9.6.9)] and thus P r ( . ) and its corresponding p r ( . ) become
which is similar to an exponential distribution with parameter 2b.
Conventional relay
Firstly, we suppose that the relay nodes overhear the transmitted signal only during the first direct link. The received versions of this signal are stored in the relay buffers until an ACK acknowledgement is broadcast by the destination node or the number of retransmissions is equal to M. As for the relay retransmission, the most appropriate strategy is to select at each time the relay with the best instantaneous link. An appropriate criterion for the quality of the instantaneous link is the instantaneous SNR, which follows the harmonic mean, as presented previously. Using the presented formalisation, in this case the relay selection can be expressed as
where g S!R The PDF of the SNR at the reception node, which uses SC as combination strategy, is given by
where the proof of this expression is presented in the Appendix. Furthermore, the average error probability can be expressed as
where P(ejg) is the instantaneous error probability, which for the BPSK modulation is equal to Q( ffiffiffiffiffi ffi 2g p ) with
dt. We note that the approximation forms of the relaying links (3) allow the analytical representation of the error probability (see Appendix II). Based on (5) and (6), the optimal combination is the one which minimises the average error probability. This combination can be expressed by the following optimisation problem
To solve this optimisation problem, we propose a trivial heuristic that tests all the possible combinations. This heuristic consists of a sequential application of (6) for all the possible L. The L, which gives the minimum probability value, represents the optimal combination policy. This optimal L depends on the average SNR, the number of relays and the maximum number of retransmissions. Fig. 2 schematically presents the block diagram of this optimisation process.
For the conventional relay behaviour, the order of the retransmissions has no impact on the average performance. The critical parameter is only the total number of transmissions of the source and the relays. Thus, source and relay retransmissions can be carried out in a random sequence.
'Smart' relay
Here, we suppose that the relays have a type of intelligence and can continuously supervise the direct retransmissions (S ! R (k) ). For each transmitted packet, a relay estimates and compares the instantaneous SNR of the link S ! R (k) with that of the packet which is stored in its buffer. If the estimated SNR is higher, the relay replaces the stored packet with the new one. We note that this SNR comparison deals only with the direct links and does not consider the relaying ones (R (k) ! D). In this case the sequence of retransmissions has an important impact on the achieved performance. Therefore the allocation of the relay retransmissions after the direct links can optimise the performance. This allocation policy allows the relay nodes to consider the best possible signal copies. By using the previous representation, the relay selection can be formalised as
To describe analytically the behaviour of the 'smart' relays, we propose two reliable bounds which efficiently approximate their performance. The first supposes that a relay overhears only one direct transmission and thus the relay selection is performed based on it. In this case, an obvious upper bound is given by (5) . The second approximation supposes that a relay overhears L source transmissions and the relaying link with a higher direct SNR has also a higher total SNR (g S!R
. Therefore the statistical behaviour of the relaying links can be expressed by applying the selection diversity tool in L random variables which follow the harmonic mean. Similarly to the conventional case, the PDF of the SNR for the 'smart' relay can be expressed as
Although this equation does not give the achieved performance, the minimisation of the error probability based on it provides the optimal number of source retransmissions and thus the optimal retransmission policy. The heuristic method, which is proposed for the conventional relay case, can also be applied to the 'smart' case.
Distributed protocol for the optimal combination
In this section, we introduce a distributed algorithm for the implementation of the optimal retransmission policy in practical ad hoc networks. In this type of systems, which are characterised by limited power resources, a centralised approach is not appropriate. The supervision of the different tasks by a centralised component requires a continuous signalling, which results in an important power consumption and a decrease of the data rate. On the other hand, a distributed approach has no external control and each node operates autonomously.
The proposed protocol is based on IEEE 802.11 [14] , which is the most dominant standard for ad hoc networks. This standard uses request-to-send (RTS) and clear-to-send (CTS) control packets for 'unicast' data transmission to a neighbouring node. The RTS/CTS exchange anticipates the data packet transmission and implements a form of virtual carrier sensing and channel reservation to reduce the impact of the well known hidden terminal problem. Data packets' transmission is followed by an acknowledgement (ACK/NACK). This principal framework is modified to support the optimal retransmission policy. Fig. 3 schematically presents the time-line of the proposed distributed protocol. In the initial step, the source broadcasts a RTS signal to awaken the destination node and signal its transmission demand. The destination node responds by broadcasting a CTS signal. In contrast to the standard case, here we allow the broadcasting of the CTS also by the relay nodes, which 'overhear' the communication. Thus, the source node receives a number of CTS signals, which correspond to the destination and the possible relays. On the basis of these signals, the source obtains an initial estimation of the average SNR for each link [15] . Thus, during this setup period (t 0 ), the source knows the number of relays and the average SNR per link, which is an essential information for our optimal retransmission policy. This setup mechanism of the proposed algorithm is similar to the route discovery process of the dynamic routing protocols [16] .
By using the algorithm of the previous section, the source computes the optimal retransmission policy and starts the communication by sending the first packet. This packet contains also the decided retransmission combination to inform the relays about it. For each transmission packet, the destination responds with an ACK or NACK signal, depending on the quality of the received packet. In the case of a NACK signal, the retransmission node is the one which is defined by the decided retransmission policy. In the case where the next node is the best instantaneous relay, a selection process is activated.
More specifically, each relay node R (k) estimates the instantaneous SNR for the link S ! R (k) ! D composed of the SNR across the two-hops [2] . This estimation is based on the stored packet (S ! R (k) ) and the last received NACK signal (
is the resulting instantaneous SNR, each node waits a time equal to 1/g (k) and retransmits its stored packet. Thus, the node with the maximum instantaneous SNR ( max k {g (k) }) is the first one, which accesses the channel and retransmits the packet. If a node tries to access the channel after the expiration of its waiting time and the channel is used by another node, it backs off and cancels its effort. In this way, the relay with the best instantaneous channel is selected for the relay retransmission process.
Numerical results
Computer simulations were carried out to evaluate the performance of the proposed algorithms. The simulation environment follows the system model of Section 2. We note that our simulation system focuses on the optimal retransmission combination and not the details of the ARQ protocol. Therefore our simulation results deal with the worst case where the number of retransmissions is equal to M. The resulting average BER curves are plotted against the transmitted SNR per bit (E b /N 0 ). From this figure we can see that the optimal policy depends on the average SNR and the number of relays. More specifically, as the average SNR and the number of relays are increased, the retransmission by the best instantaneous relay becomes more appropriate than that by the source. Moreover, we can see that the theoretical curves which are provided by (3) are reliable approximations of the real performance. We note that the closed form of this approximation is presented in part two of the Appendix. The quality of the approximation is better for high SNRs and as the number of relays is decreased. This is to be expected because the used approximation is asymptotical and the final approximation error for a multiple number of relays is a combination of the individual ones. However, the used approximation always provides the best retransmission policy.
Figs. 5 and 6 present the different retransmission policies for M ¼ 3 and K ¼ 2, K ¼ 5, respectively. For the conventional relay case, the optimal retransmission combination changes as the number of relays increases. Thus, for the case of K ¼ 2 available relays, the optimal combination is two source and one relay retransmissions, and for the case of K ¼ 5 is one source and two relay retransmissions at high SNRs. This is to be expected, because as the number of relays increases, the probability to select a relay with a better link than the direct transmission also increases. As for the 'smart' relay case, we can see that this method always outperforms the conventional one. If we pay attention to the theoretical curves, we can see that the exponential approximations follow the previous observations and thus are close to the real performance, particularly at the high SNR regions. Specifically, for the 'smart' relay case, where analytical expressions are not available, the two proposed estimations consist of efficient performance bounds. Between them, the low-bound is closer to the real curve as the number of the relay nodes increases. In fact, as the number of relays increases, the probability that the relay node with the best (S ! R) sub-link is also the one with the best (S ! R ! D) total link is also increased. In this case, the performance is given by the low-bound expression. Finally, because of the good quality of the performance approximation, the decided retransmission policy of the proposed algorithm fits with the optimal one for almost all the cases.
Conclusion
In this paper, we have investigated the optimal retransmission policy for repetition-based AF cooperative systems. On the basis of the analytical expression of the BER at the destination node and using as optimisation criterion its minimisation, we have provided the optimal combination between source and relay retransmissions. This combination is a function of the average SNR, the number of available relays and the maximum number of retransmissions. We have considered different relay complexities and proved that when the relay can 'overhear' all the direct transmissions and select the best of them, the performance of the system can be significantly improved. Finally, to implement the proposed optimal combination in practical ad hoc networks without supervision mechanism, we have proposed a distributed, truncated ARQ protocol. This protocol is based on the 802.11 specifications for the medium access and uses an instantaneous SNR time parameter for selecting the best relay. Computer simulations and analytical results have validated the proposed algorithms.
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Proof of (5)
First, we describe statistically the selection of the best instantaneous relay. We suppose K independently and identically distributed (i.i.d) relaying links (K relays) with p r (g) and P r (g) denoting the PDF and CDF of the SNR, respectively. As we can find in [17] , the selection of the relaying link with the best instantaneous SNR is given by
where b p r (g), b P r (g) are the PDF and the CDF of the SNR, respectively.
At the destination end, we suppose a selection combiner which considers for demodulation the received signal with the higher instantaneous SNR. If L is the number of source retransmissions and M is the total number of retransmissions, the branches under selection are independent non-identically distributed (i.ni.d) and consist of L direct links and M 2 L best instantaneous relay links. Moreover, if p d (g), P d (g) are the PDF and the CDF for a direct link, respectively, the selection combination process can be formulated as
Substituting (10) into (11), we obtain (5).
Error probability using the exponential approximation
By substituting the exponential approximation in the analytical expressions of the average error probability, we obtain an error probability which can be written as follows [18] P(e) ¼ X
where a j [ Z and b j [ N Ã .
